ABSTRACT To explore the pathogenesis of the third heart sound (S3), left ventricular hemodynamics in early diastole were studied during catheterization in normal adults without S3s (group I, n = 12) and in cardiac patients with S3s as the result of severe mitral regurgitation (group II, n = 11), dilated cardiomyopathy (group III, n = 24) or restricted left ventricular filling (group IV, n = 4). The height and steepness of the rise in left ventricular pressure after minimum diastolic pressure (the so-called rapid filling wave), maximum dV/dt, and the time constant of fall in isovolumetric pressure were measured. The completeness of relaxation was evaluated from the number of time constants elapsed at the time of minimum diastolic pressure. Pressure-volume data were fitted to simple elastic and viscoelastic models incorporating inflow rate into the equation. In all patients with S3s a significantly higher and steeper rapid filling wave was found than in normal adults. Maximum dV/dt was significantly greater in group 11 (1084.9 ± 416 ml/sec; mean + SD) than in the other groups (463.9 ± 177. 1 ml/ sec in group I, 448.8 + 134.0 ml/sec in group III, and 709.9 ± 226.8 ml/sec in group IV). No significant differences in left ventricular chamber elastic properties in the different groups were found. However, intrapatient comparisons of the results of the use of elastic and viscoelastic equations revealed a significantly better curve fit (r = .930 vs .968, p < .005) and a much higher viscous constant for group III. Similar results were found in group IV. In patients with S3s left ventricular relaxation was slower (time constant of 37.4 ± 3.7 msec in group 1, 43.2 ± 10.0 msec in group II, 56.8 ± 15.4 msec in group III, and 41.8 ± 13.7 msec in group IV) and more incomplete (number of time constants elapsed at minimum diastolic pressure 3.08 -+ 0.23 in group I, 2.58 ± 0.56 in group II, 2.15 ± 0.68 in group III, and 2.49 -+-1. 12 in group IV) than in normal adults. In conclusion, the presence of an S3 was associated with a higher and steeper rapid filling wave on the left ventricular pressure tracing. The increased rapid filling wave could be attributed mainly to an increased filling rate in patients with volume overload (group II) and to impaired relaxation or increased viscous resistance to filling in patients with myocardial dysfunction (groups III and IV). This increased rapid filling wave may play an important role in the pathogenesis of the S3 since it causes more rapid deceleration of inflow and since the vibrations of the S3 occur during this phase of left ventricular filling.
PATHOPHYSIOLOGY AND NATURAL HISTORY-VENTRICULAR PERFORMANCE the S3 was confirmed by a complete phonocardiographic examination (including recordings from the apical region in left recumbent lateral position). Eleven of these 39 patients with S3s (mean age 45.2 + 15.4 years) had severe mitral valve regurgitation with well-preserved left ventricular function and they comprised group II. Mitral stenosis was absent and the degree of regurgitation, estimated from the left ventricular angiogram, was severe in all patients (grade 3 or 4 on a scale of 0 to 4: the left atrium as intensely or more densely opacified than the left ventricle or aorta with slow clearing of contrast medium '2) . Group III consisted of 24 patients (mean age 47.3 + 14.5 years) with dilated cardiomyopathy. The cause of the left ventricular dilatation was either unknown (10 patients) or due to coronary disease (14 patients). In patients with ischemic dilated cardiomyopathy significant coronary lesions had already caused one or more myocardial infarctions. In the latter small regional differences in wall motion were present, but patients with left ventricular aneurysms were excluded. Group IV consisted of four patients (mean age 54.3 + 10.4 years) with restricted left ventricular filling due to either constrictive peri(epi)carditis with pericardial calcifications (three patients) or restrictive cardiomyopathy of unknown cause (one patient). In all four patients the typical dip-and-plateau filling pattern in the left ventricular diastolic pressure tracing and nearly normal left ventricular systolic function were observed.
With the exception of one patient who had a transient episode of atrial flutter (see below), all patients were in normal sinus rhythm during the experimental procedures.
When possible and depending on the clinical state, therapy with cardioactive medication was interrupted 3 days before the catheterization. In two patients in group II and five in group IIl the administration of vasodilators (nitrates, hydralazine, and captopril) or antiarrhythmic drugs (quinidine, aprindine) was continued until 12 to 18 hr before catheterization to prevent deterioration of left ventricular function or to maintain sinus rhythm. Informed consent was obtained before catheterization and no complications attributable to the procedure were encountered.
Catheterization procedure. In 32 patients simultaneous pressure-volume measurements were obtained. This group included 11 patients from group 1, six from group 1I, 13 from group III (nine with ischemic and four with idiopathic dilated cardiomyopathy), and two from group IV (one with constrictive pericarditis and one with restrictive myopathy). In these patients a dual catheter system was used according to the method of Ludbrook et al. ' 3 to obtain both high-fidelity pressures and high-quality left ventricular angiograms. In the other 19 patients simultaneous insertion of pressure and angiographic catheters could not be done for various reasons. In these patients left ventricular angiography was performed after the pressure recording was obtained.
A No. 7 or No. 8F micromanometer with a fluid-filled side lumen (Gaeltec) was used and introduced via the left brachial artery. The micromanometer signal was split up for pressure, dP/dt, and internal phonoregistration. The external phonocardiogram was recorded by means of an acceleration-type microphone (Siemens) attached to the chest between the apical region and the left intercostal place. Mannheimer filters with nominal frequencies of 25 and 50 Hz were used for external and internal phonoregistrations.
Simultaneous recordings of the electrocardiogram, left ventricular pressures (micromanometer and fluid-filled system), dP/dt, and internal and external phonoregistrations were made on an 8-channel ink-jet recorder (Elema 82) and on magnetic tape (Honeywell 101). After pressure-phonoregistration recordings, an angiographic catheter (No. 8F pigtail) was introduced via the right brachial artery. Single-plane left ventricular angiography was then performed with the patient in the 30 degree right oblique position and during held submaximum inspiration. A cine frame pulse provided an electrical signal at the time of each frame exposure. Film was exposed at 90 frames/sec. During angiography pressures and phonoregistrations were continuously recorded. Figure 1 shows a recording from a patient with cardiomyopathy. In all patients with S3s the height and the peak rate of the pressure increase after minimum diastolic pressure were significantly greater than in normal adults without S3s. The importance of these findings is further illustrated in figure 2: in a patient with cardiomyopathy we were able to record intracardiac pressures and phonoregistrations during a transient episode of atrial flutter. In this patient the speed of the pressure increase after minimum diastolic pressure varied from beat to beat depending on the amount of atrial contribution to early filling. Accordingly, the intensity of the internally and externally recorded S3 was clearly correlated with the height and speed of rise of the rapid filling wave. Determination of the exact onset of the S3 on the 
Values in parentheses are numbers of values for each parameter. AOSP = maximum systolic aortic pressure; AODP = diastolic aortic pressure; max dP/dt S pos maximum positive left ventricular systolic dP/dt; max dP/dt S neg = maximum negative left ventricular systolic pressure; nT = number of Ts elapsed at the time of minimum diastolic pressure; LVPmin minimum left ventricular diastolic pressure; RFW = height of the rapid filling wave; max dP/dt RFW = maximum dP/dt of the rapid filling wave; LVEDP = left ventricular end-diastolic pressure. Recently it has been suggested that intracardiac pressure fluctuations cannot explain the origin of the S3.9 10 In our study we found a higher and steeper pressure rise after minimum diastolic pressure (so-called rapid filling wave) in patients with S3s compared with in normal adults without them. Figure 2 illustrates a striking relationship between the intensity of the S3 and the height and steepness of the rapid filling wave. Previous studies have shown that left ventricular pressure is the most important determinant of the morphology of the left apexcardiogram, especially in diastole.21 23 In a comparative study between the calibrated left apexcardiogram and left ventricular micromanometer pressure ).90 1.85 ).80 
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Among the different groups no significant differences were found in k, the elastic modulus of chamber stiffness. When the normalized moduli of chamber stiffness (kn) were compared, somewhat higher values were found in groups II and III, although the differences did not reach statistical significance. From these results it appears that in patients with compensated volume overload and in those with cardiomyopathy the increase in intrinsic chamber stiffness is rather small and statistically insignificant when compared with that in normal adults.
Since it has been demonstrated that left ventricular diastolic properties are characterized more precisely by a viscoelastic than a simple elastic model,'9 35 we adapted such a model from Hess et al. 19 By introducing inflow rate into the exponential equation a viscous constant was calculated that expressed and quantified the flow-dependent influences on left ventricular pressure in diastole. With this approach we found that the viscous constant was definitely higher in patients with cardiomyopathy than in normal adults or in patients with mitral regurgitation. The correlation coefficients and the rate constants of the exponential equations significantly increased in this group, which was not observed in normal adults or in patients with mitral regurgitation. Although simultaneous pressure-volume data were available in only two patients with restricted left ventricular filling, the results were very similar to those in the group with cardiomyopathy. From these data it seems that in the latter groups increased viscous forces are acting in early diastole, which may partly explain the increased and steeper pressure rise at that time.
Since diastolic pressures in patients with mitral regurgitation were definitely higher, apparently without a significant increase in the elastic or viscoelastic modulus of chamber stiffness, one may suppose that in this patient group the ventricle is shifted to a steeper part of the pressure-volume curve (preload-dependent change in chamber stiffness36). This preload-induced increase in operative chamber stiffness seems to be a major mechanism in this group and to be responsible for the elevated pressures during diastole and more specifically for the steeper pressure rise of the rapid filling wave.
Delayed relaxation from the preceding systole may affect early diastolic pressures. We therefore studied left ventricular relaxation rate and the completeness of relaxation at the time of minimum diastolic pressure. were reported by Hirota.37 From these data it may be assumed that impaired relaxation contributes to the increased pressure rise after minimum diastolic pressure, especially in patients with cardiomyopathy. Although from our data it is impossible to separate the influences of myocardial viscoelasticity and incomplete relaxation on early diastolic pressures, it is of interest to note that the patients with the highest viscous constants also had the most delayed relaxation. It therefore may be supposed that incomplete relaxation of the ventricle also represents a higher viscous resistance during early filling.
Conclusions: pathogenesis of the S3. Several findings from this study may give new insights into the pathogenesis of the S3. Regardless of the nature of their cardiac disease, all patients with S3s had increased rapid filling waves that were nearly of the same magnitude on the left ventricular pressure tracings. We recently demonstrated that the pressure rise of the rapid filling wave in dogs is responsible for rapid deceleration of left ventricular inflow by reversal of the transmitral pressure gradient and that the vibrations of the S3 occur during this phase of pressure rise and deceleration of flow?28 The results of the present study together with the occurrence of the S3 during the E-F closing slope of the mitral valve on the echocardiogram38 confirm these experimental findings.
In previous studies in patients with constrictive pericarditis the onset of the S3 has been placed at the nadir of the early diastolic dip.4' 39 However, we found that in all patients the vibrations of the S3 occurred after minimum diastolic pressure, during the ascending slope of the rapid filling wave. The use of fluid-filled systems for pressure recordings in the above-mentioned studies may explain the small differences in temporal relationships. On the other hand, we also observed that, in patients with constrictive pericarditis, both the onset of the rapid filling wave and of the S3 occur closer to the second heart sound than in the other groups, probably indicating an earlier and more sudden halting of left ventricular filling. In one patient in our study with restrictive myopathy the same pressure-sound relationships were observed, but the S3 occurred somewhat later after minimum diastolic pressure.
In summary, our findings postulate a mechanism of production of the S3 that explains its presence under different hemodynamic conditons. The steep left ventricular pressure increase in early diastole (so-called rapid filling wave) causes a reversal of the transmitral pressure gradient and hence a more rapid deceleration of inflow. Since the vibrations of the S3 occur during this phase of deceleration of flow, a conversion of
